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ABSTRACT
On a spillway chute, a stepped design increases the rate of energy dissipation on the chute itself and reduces the size of a downstream energy dissipater.
Up to date, the effects of step roughness on the flow properties remain unknown despite the practical relevance to damaged concrete steps, rock chutes
and gabions weirs. New measurements were conducted in a large-size laboratory facility with two step conditions (smooth and rough) and three types
of step roughness. Detailed air-water flow properties were measured systematically for several flow rates. The results showed faster flow motion on
rough step chutes. Although the finding is counter-intuitive, it is linked with the location of the inception point of free-surface aeration being located
further downstream than for a smooth stepped chute for an identical flow rate. In the aerated flow region, the velocities on rough-step chutes were
larger than those of smooth chute flows for a given flow rate and dimensionless location from the inception point of free-surface aeration both at step
edges and between step edges. The results suggest that design guidelines for smooth (concrete) stepped spillway may not be suitable to rough stepped
chutes including gabion stepped weirs, and older stepped chutes with damaged steps.
RÉSUMÉ
Dans un canal à forte pente, une conception en gradins augmente le taux de dissipation d’énergie sur la rampe elle-même et réduit la taille d’un
dissipateur d’énergie en aval. À ce jour, les effets de la rugosité des marches sur les propriétés de l’écoulement demeurent inconnus en dépit de
leur rapport pertinent avec l’endommagement des marches en béton, les chutes de roche et les déversoirs de gabions. De nouvelles mesures ont été
conduites dans une installation de grande taille en laboratoire avec deux sortes de marches (lisses et rugueuses) et trois types de rugosité. Les propriétés
détaillées de l’écoulement air-eau ont été mesurées systématiquement pour plusieurs valeurs du débit. Les résultats ont montré un mouvement plus
rapide de l’eau sur les rampes à marches rugueuses. Bien que surprenante, cette constatation est liée au fait que, pour un même débit, le point de
départ de l’aération de la surface libre est situé plus en aval que pour une rampe à marches lisses. Dans la zone d’écoulement aéré, les vitesses sur
les rampes à marches rugueuses étaient plus grandes que dans le cas lisse pour un débit donné et une distance adimensionnelle du point de départ de
l’aération de la surface libre, aussi bien aux bords qu’entre les bords des marches. Les résultats suggèrent que les directives de conception pour un
évacuateur à marches lisses (béton) pourraient ne pas convenir aux rampes à marches rugueuses comme les déversoirs de type gabion en gradins, et
les évacuateurs plus anciens avec des marches endommagées.
Keywords: Stepped chute, skimming flow, step roughness, air-water flow, physical modelling, flow resistance, form drag, energy
dissipation, gabion stepped spillway.
1 Introduction
Stepped channels have been used for more than 3500 years. The
Greek engineers were possibly the first to design an overflow
stepped spillway. The stepped design increases the rate of energy
dissipation on the chute above the steps and reduces the size of
the downstream energy dissipater. During the last three decades,
research in the hydraulics of stepped spillways has been very
active (Chanson, 1995, 2001). For a given stepped chute, the
water flows as a succession of free-falling nappes (nappe flow
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regime) at small discharges. For an intermediate range of flow
rates, a transition flow regime is observed. Most prototype spill-
ways operate at large discharges per unit width for which the
waters skim as a coherent stream over the pseudo-bottom formed
by step edges. The skimming flows are characterized by signif-
icant form losses and momentum transfer from the main stream
to the recirculation zones (e.g. Rajaratnam, 1990; Chanson et al.,
2002).
Stepped chute hydraulics is not simple because of the differ-
ent flow regimes but importantly because of strong free-surface
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aeration, flow turbulence, and interactions between entrained air
and turbulence (Chanson and Toombes, 2002, 2003; Yasuda and
Chanson, 2003). Recently several studies investigated the effects
of macro-roughness and turbulence manipulation on skimming
flow properties (Andre et al., 2004; Chanson and Gonzalez,
2004; Gonzalez and Chanson, 2004a; Kokpinar, 2004). Surpris-
ingly, the effects of step roughness on the flow properties remain
unknown, despite the practical relevance; e.g. gabion stepped
chutes, unprotected roller compacted concrete chutes, damaged
concrete steps on older structures (Fig. 1). Peyras et al. (1991)
studied experimentally the hydraulics of gabion stepped weirs.
Kells (1993, 1995) discussed the interactions between seepage
and free-surface flows, while Chanson (1995, 2001) reviewed
basic design considerations.
It is the purpose of this study to study thoroughly the effects
of step roughness in skimming flows on a stepped chute. New
measurements were conducted in a large-size facility (θ = 21.8◦,
h = 0.1 m) with two step conditions (smooth and rough) and
(a)
(b)
Figure 1 Photographs of rough stepped chutes. (a) Gabion stepped
weir at Robina, Gold Coast (Australia) on 2 April 1997, shortly after
completion: h = 0.6 m, l = 1.1–2 m, W = 10.5 m, Reno mattress
construction. (b) Damage concrete step on Gold Creek dam stepped
chute in April 1996; completed in 1890, the un-reinforced steps were
the world’s first use of concrete for a stepped spillway (h = 1.5 m,
l = 4 m, W = 55 m).
three types of step roughness. Detailed air-water flow properties
were measured systematically for several flow rates. The results
provide a new understanding of the effects of step face roughness
on the flow characteristics of skimming flows.
2 Experimental configurations and instrumentation
New experiments were conducted at the University of Queens-
land in the experimental channel previously used by Chanson and
Toombes (2001) and Gonzalez (2005) with smooth step faces.
The test section consisted of a broad-crested weir followed by
10 identical steps (h = 0.1 m, l = 0.25 m, W = 1 m) made of
smooth marine ply.
A pump controlled with an adjustable frequency AC motor
drive delivered the flow rate enabling an accurate discharge
adjustment in a closed-circuit system. Clear-water flow depths
were measured with a point gauge. The discharge was mea-
sured from the upstream head above crest using a calibration
curve derived from detailed velocity distribution measurements
(Gonzalez, 2005). The air-water flow properties were measured
with a double-tip conductivity probe (∅ = 0.025 mm) designed
at the University of Queensland. The probe sensors were aligned
in the flow direction. The leading tip had a small frontal area
(i.e. 0.05 mm2) and the trailing tip was offset to avoid wake dis-
turbance from the first tip. An air bubble detector (UQ82.518)
excited the probe and its output signal was scanned at 20 kHz
per sensor for 20 seconds. The translation of the probes in the
direction normal to the channel invert was controlled by a fine
adjustment travelling mechanism connected to a Mitutoyo™
digimatic scale unit (Ref. No. 572-503).
Flow visualizations were conducted with high-shutter speed
digital still- and video-cameras. Further informations on the
experimental setup and data processing were reported in
Gonzalez et al. (2005).
2.1 Physical modelling considerations
In open channel flows, most physical model designs are based
upon a Froude similitude (e.g. Henderson, 1966; Chanson, 2004).
This is the case with stepped spillways, but the air-water flows are
particularly complicated and their scaling does not obey a Froude
similitude. Scale effects in skimming flows were investigated by
BaCaRa (1991), Boes (2000), Chanson et al. (2002), Gonzalez
and Chanson (2004b) and Chanson and Gonzalez (2005). The
results yielded stringent conditions suggesting the impossibility
to achieve true dynamic similarity unless working at full-scale.
Considering a skimming flow down a stepped spillway at
uniform equilibrium and for a prismatic rectangular channel,
dimensional analysis yields:
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where the terms on the left-hand side are the local air-water flow
properties that are expressed as functions of the fluid properties,
physical constants, flow conditions and step geometry. In Eq. (1),
C is the local void fraction, V is the local velocity, g is the gravity
acceleration, d is the equivalent water depth at uniform equilib-
rium, u′ is a characteristic turbulent velocity, dab is a characteristic
size of entrained bubble, x is the coordinate in the flow direc-
tion measured from a step edge, y is the distance normal from
the pseudo-bottom formed by the step edges, qw is the water
discharge per unit width, ρw and µw are the water density and
dynamic viscosity respectively, σ is the surface tension between
air and water, W is the chute width, h is the step height, θ is the
angle between the pseudo-bottom and the horizontal, and k′s is
the equivalent sand roughness height of the step surface. Note
that the characteristic length scale is taken as the equivalent clear
water depth d. In Eq. (1) right-hand side, the 3rd, 4th and 5th
dimensionless terms are the Froude, Reynolds and Morton num-
bers respectively. The last four terms characterize the step cavity
shape and the skin friction effects on the cavity wall.
Equation (1) shows that a true dynamic similarity of stepped
chute flows is almost impossible to achieve with geometrically
similar models. Usually the same fluids (air and water) are
used in model and prototype, and the Morton number (Mo =
g × µ4w/(ρw × σ3)) becomes an invariant. In the present study,
a Froude similitude was used. Hence both Froude and Morton
similitudes were achieved but not the Reynolds one. Herein the
experiments were conducted in a large-size facility operating at
large Reynolds numbers. These conditions are representative of
full-scale storm waterways and could be considered as 3 : 1 to 6 : 1
Table 1 Experimental investigations of skimming flows in a 21.8◦ stepped chute
Reference Step geometry Flow conditions Instrumentation Remarks
(1) (2) (3) (4) (5)
Chanson and Toombes
(2001)
Smooth horizontal steps
(h = 0.1 m, l = 0.25 m)
W = 1 m
k′s = 0.5 mm
Series 1 qw = 0.046–0.182 m2/s,
Re = 1.8–7.3E+5
Single-tip conductivity
probe (∅ = 0.35 mm)
Experiments EV200
Series 2 qw = 0.058–0.182 m2/s,
Re = 2.3–7.3E+5
Double-tip conductivity
probe (∅ = 0.025 mm)
Experiments TC200
Gonzalez (2005) Smooth horizontal steps
(h = 0.1 m, l = 0.25 m)
Double-tip conductivity
probe (∅ = 0.025 mm)
W = 1 m
k′s = 0.5 mm
Present study Horizontal steps
(h = 0.1 m, l = 0.25 m)
qw = 0.01–0.219 m2s,
Re = 5E+4–7E+5
Double-tip conductivity
probe (∅ = 0.025 mm)
W = 1 m
Configuration A Rough step faces: 8-mm high
screens on both vertical and
horizontal step faces
k = 8 mm
(k′s ≈ 6.6 mm)
Configuration B 8-mm high screens on each
vertical step face
k = 8 mm
(k′s ≈ 6.6 mm)
Configuration C 8-mm high screens on each
horizontal step face
k = 8 mm
(k′s ≈ 6.6 mm)
Configuration S
(smooth steps)
Smooth horizontal steps k′s = 0.5 mm
Note: Re: Flow Reynolds number defined in terms of hydraulic diameter.
scale studies of a RCC stepped spillway with h = 0.3–0.6 m with
minimum scaling effects. The purpose of the present study was
to investigate systematically the effects of step face roughness k′s
on the skimming flow properties.
2.2 Channel configurations and geometries
Four step surface configurations were tested systematically
(Table 1). In Configuration A, the vertical and horizontal step
faces were covered by rough screens. The screens were made of
plastic electrical lighting louvers with square patterns (16 mm
size, 1 mm thick, 8 mm high) (Fig. 2a). In Configuration B,
only the vertical step faces were covered with the same rough
screens. The horizontal step faces were smooth. In Configura-
tion C, the horizontal step faces were covered with the rough
screens while the vertical faces were smooth. The last configu-
ration was a smooth stepped cascade (Configuration S). It was
similar to the flow configurations used by Chanson and Toombes
(2001) and Gonzalez (2005).
The hydraulic roughness of the screens was tested indepen-
dently in a 20 m long, 0.25 m wide tilting flume with glass
sidewalls. The channel bed was covered with rough screens
for a 10 m length. Gradually-varied flows were recorded in the
fully developed flow region for a range of flow rates (0.017–
0.04 m3/s) and bed slopes (So = 0.09–0.15). The bed shear stress
was deduced from the measured friction slope. The equivalent
Darcy friction factor of the screens ranged from fscreen = 0.05
to 0.08, corresponding to a Gauckler–Manning coefficient of
about 0.016–0.02 s/m1/3. The results were basically independent
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Figure 2 Photographs of the experimental channel with a rough stepped
invert (θ = 21.8◦, h = 0.1 m) (a) Details of the step roughness (Config-
uration A): note the 13.5 cm long pen for scale. (b) Skimming flow of
the rough stepped chute (Configuration A, dc/h = 1.3, Re = 5.8E+5).
of Reynolds number and the data were best correlated by:
1√
fscreen
= 0.252 ×
(
k
DH
)−0.823
(2)
with a normalized correlation coefficient of 0.783, where k is the
screen height (k = 8 mm) and DH is the hydraulic diameter. The
best correlation with the Colebrook–White formula was obtained
using an equivalent sand roughness height k′s = 6.6 mm. But the
Colebrook–White formula was not truly applicable to present
roughness elements because the screens were porous, and the
induced flow resistance was a combination of skin friction and
form drag.
2.3 Flow configurations
The experiments were conducted for flow rates ranging from
0.004 to 0.220 m3/s although the focus was on the highly aerated
skimming flows (Table 1). Detailed air-water flow measure-
ments were performed for flow rates between 0.11 and 0.2 m3/s
1The inception point of free-surface aeration marks the location of the first apparition of ‘white waters’ at the free-surface.
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corresponding to flow Reynolds numbers ρw × Uw × DH/µw
between 4.6E+5 and 7.3E+5, where Uw is the depth-averaged
velocity (Uw = qw/d).
The measurements were performed systematically down-
stream of the inception point of free-surface aeration. For each
step cavity, they were conducted at each step edge and at three
streamwise locations Xo = 0.25, 0.5 and 0.75, where Xo =
x′/Lcav, x′ is the streamwise distance measured from the upstream
step edge and Lcav is the cavity length (Lcav =
√
h2 + l2). For
each configuration, the measurements were repeated systemat-
ically. Note that uniform equilibrium flow conditions were not
achieved at the downstream end of the chute because the flume
was relatively short.
3 Basic flow patterns
Although the scope of this study was on skimming flows, detailed
visualizations were conducted with both smooth and rough step
configurations to document the influence of the step roughness
on the flow regimes (Table 1). The results showed that the
classification of flow regimes with rough steps and the condi-
tions for changes in flow regimes were identical for all rough
step configurations (A, B, C) as well as for the smooth stepped
chute (Configuration S). Nappe flows occurred for dc/h < 0.64,
where dc is the critical flow depth. The transition flow regime
was observed for 0.64 < dc/h < 0.97. Skimming flows were
observed for larger dimensionless flow rates. These results com-
pared well with approximate limits proposed by Chanson (2001)
and Ohtsu et al. (2004), and they showed that the step roughness
had no influence on the type of flow regime.
Visual observations showed however some differences on the
chutes with step roughness. In Configuration A (rough vertical
and horizontal step faces), the location of the inception point
of free-surface aeration1 was systematically further downstream
than for all other configurations, and more aerated cavities were
consistently observed immediately upstream of the inception
point. For example, for dc/h = 1.25 in Configuration A, the
air entrainment started in between step edges 7 and 8, and three
aerated cavities were observed upstream. For the same flow rate,
in Configurations B and C, the inception point was also located
between steps 7 and 8 but only one to two aerated cavities were
observed immediately upstream. In the smooth stepped chute, for
the same discharge, the inception point was between step edges 6
and 7 and only one to two aerated cavities were seen upstream.
In the aerated flow region downstream of the inception point,
the recirculation cavity patterns presented some differences
between rough and smooth stepped chutes. Clear-water core
eddies were observed in the step corners in Configurations A
and C, while “white water” recirculating vortices covered the
whole cavity in Configuration B and S (smooth steps). This is
illustrated in Fig. 3, where clear-water cores are observed in the
step corners for Configurations A and C (Fig. 3a, c).
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(a)
(c)
(b)
(d)
Figure 3 Photographs of recirculation cavities for rough and smooth step configurations. (a) Configuration A (rough step faces, dc/h = 1.0)—cavity
located between step edges 7 and 8; inception point: between step edges 6 and 7. (b) Configuration B (rough vertical face, dc/h = 1.1)—cavity
located between step edges 5 and 6; inception point: step edge 7. (c) Configuration C (rough horizontal face, dc/h = 1.25)—cavity located between
step edges 6 and 7; Inception point: between step edges 7 and 8. (d) Configuration S (smooth steps, dc/h = 1.25)—cavity located between step edges
5 and 6; inception point: between step edges 6 and 7.
Table 2 Position of inception point of free-surface aeration in skimming
flows (θ = 21.8◦, h = 0.1 m)
dc/h LI/(h × cos θ)
Smooth Configuration Configuration Configuration
steps (S) A B C
1.1 14.5 16 17.5 17.5
1.25 16 17.5 18.8 18.8
1.39 16 21.7 20.3 20.3
1.5 17.5 23.2 21.7 21.7
Note: LI: longitudinal distance between downstream end of spillway
broad-crest and inception point of free-surface aeration.
In the present study, the location of the inception point differed
between chutes with and without step roughness. The results
are regrouped in Table 2 and they indicated an inception point
location about 35% further downstream for rough step faced spill-
ways (Table 2). The findings suggest that the turbulent boundary
layer growth was slower on rough step invert and this implies
that lesser rate of energy dissipation occurred in the upstream
clear-water flow region on the rough stepped chutes. The finding
is counterintuitive compared to smooth-invert chute flows where
increased bed roughness is associated with a shorter clear-water
flow region (e.g. Wood et al., 1983). For the present study, the
rough-step faced chute data were best correlated by
LI
h × cos θ = 8.15 + 11.43 × Ln(F
∗)
Configurations A, B, C (3)
while the data corresponding to the smooth step chute (Configu-
ration S) were best fitted by
LI
h × cos θ = 10.3 + 2.05 × F
∗
Configuration S (smooth steps) (4)
where LI is the length to the point of inception, h is the vertical
step height, θ is the channel slope and F ∗ is the step roughness
Froude number defined as:
F ∗ = qw√
g × sin θ × k3s
(5)
where ks = h × cos θ is the roughness height measured perpen-
dicular to the flow direction and qw is the water discharge per unit
width (Chanson, 1995).
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4 Distributions of air concentration
and air-water velocities
The void fraction and air-water velocity distributions were sys-
tematically measured with all four configurations (Table 1).
Typical results are presented in Fig. 4 at step edges and in Fig. 5
between two adjacent step edges. The rough step chute data are
shown in white symbols while smooth step chute data are in black
symbols. The results are also compared with earlier data col-
lected in the same smooth stepped chute (θ = 21.8◦, h = 0.1 m)
by Chanson and Toombes (2001) and Gonzalez (2005). In each
figure, the graphs show some data recorded for the same flow
rate and at the same dimensionless distance from the inception
Configuration dc/h x(m) Step edge LI(m) (x − LI)/Lcav
A 1.39 2.42 10 1.88 2
B 1.39 2.42 10 1.88 2
C 1.39 2.42 10 1.88 2
S (smooth steps) 1.39 2.15 9 1.62 2
Chanson and Toombes 1.50 1.89 8 1.35 2
(2001)
Gonzalez (2005) 1.34 2.15 9 1.62 2
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Figure 4. Dimensionless air-water flow distributions at step edge for
dc/h = 1.4 and Re = 6.5E + 5. (a) Dimensionless air concentration
distributions C versus y/dc: comparison with Eq. (6) for smooth chute
data. (b) Dimensionless air-water flow velocity distributions V/Vc ver-
sus y/dc: comparison with a l/6th power law (smooth steps) (Eq. (8)).
(c) Dimensionless turbulence intensity distributions Tu versus y/dc. (d)
Dimensionless bubble count rate distributions F×dc/Vc versus y/dc.
0
0.2
0.4
0.6
0.8
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8Tu
y/
d c
Configuration A
Configuration B
Configuration C
Configuration S
GONZALEZ (2005)
CHANSON and TOOMBES 2001 (series 2)
(c)
0
0.2
0.4
0.6
0.8
0 5 10 15 20 25 30
  F*dc/Vc
y/
d c  Configuration A
Configuration B
Configuration C
Configuration S
GONZALEZ (2005)
CHANSON and TOOMBES 2001 (series 2)
(d)
Figure 4 (Continued)
point (x − LI)/Lcav. Dimensionless distributions of void frac-
tion C, velocity V/Vc, turbulence intensity Tu and bubble count
rate F × dc/Vc are presented as functions of the dimensionless
depth y/dc.
Overall the experimental data showed similar distributions of
air concentrations at step edges for all configurations (Figs 4a
and 5a). At step edges (Fig. 4a), the data compared favourably
the theoretical solution of the advective diffusion equation for air
bubbles:
C = 1 − tan h2

K′ − yY902 × Do +
(
y
Y90
− 13
)3
3 × D0

 (6)
where y is distance measured normal to the pseudo-invert,
Y90 is the characteristic distance where C = 90%, K′ is an
integration constant and Do is a function of the mean air con-
centration Cmean only (Chanson and Toombes, 2001, 2002).
Equation (6) is shown in Fig. 4(a) for smooth step chute data.
Present results seemed to suggest that air-water flows over rough-
step faced chutes were slightly less aerated than in smooth-step
chutes. The finding was highlighted by lesser void fractions
in the lower flow region (y/Y90 < 0.3) but also intermediate
air-water region (0.3 < C < 0.7). This is seen in Figs 4(a)
and 5(a) where a flatter curve (y/dc versus C) is observed
for rough stepped chutes. The data for Configurations A and
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Configuration dc/h x (m) Location LI (m) (x − LI)/Lcav X0
A 1.39 2.285 Between step
edges 9 & 10
1.88 1.5 0.5
B 1.39 2.42 Between step
edges 9 & 10
1.88 1.5 0.5
C 1.39 2.42 Between step
edges 9 & 10
1.88 1.5 0.5
Chanson and 1.5 1.75 Between step
edges 7 & 8
1.35 1.5 0.5
Toombes (2001)
Gonzalez (2005) 1.34 2.15 Between step
edges 8 & 9
1.62 1.5 0.5
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Figure 5. Air-water flow distributions between step edges for dc/h = 1.4
and Re = 6.5E+5. (a) Dimensionless air concentration distributions
C versus y/dc. (b) Dimensionless air-water flow velocity distributions
V/Vc versus y/dc. (c) Dimensionless turbulence intensity distribution:
Tu versus y/dc. (d) Dimensionless bubble count rate distributions: F ×
dc/Vc versus y/dc.
C were very close while the air concentration distributions in
Configuration B (rough vertical face) were closer to smooth step
chute data.
The air-water velocity distribution data showed consistently
faster flow velocities over rough step chutes, especially for Con-
figurationsA and C, than on smooth step chutes. Typical air-water
velocity distributions are presented in Figs 4(b) and 5(b) where
V is the air-water flow and Vc is the critical flow velocity. At step
edges, the velocity distributions compared well with a truncated
-0.2
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Figure 5 (Continued)
power law
V
V90
=
(
y
Y90
)1/N
for
y
Y90
< 1 (7a)
V
V90
= 1 for y
Y90
> 1 (7b)
where V90 is the characteristic velocity at y = Y90. Equation (7)
is shown in Fig. 4(b) for smooth step chute data with N = 6.
In the present study, some comparisons performed throughout
the whole experimental data set showed that the flow velocities
in Configurations A and C were basically identical. They were
consistently larger than those for Configuration B. More, rela-
tively larger air-water velocities were recorded in Configuration
B than on smooth steps (Configuration S) although the difference
was small (Fig. 4b). In summary, the results at step edge and
in-between step edges yielded
V
Vc
(Smooth steps) <
V
Vc
(Config. B) <
V
Vc
(Config. A and C)
(8)
Basically, larger flow velocities and slightly less flow aeration
were observed on rough-step chutes at an identical dimensionless
distance from the inception point of free-surface aeration.
Although the result might be counter-intuitive, the finding was
consistently observed for all investigated discharges.
The turbulence intensity measurements for Configurations A
and C showed consistently lower turbulence levels than those
for Configurations B and S (smooth steps) for an identical flow
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rate and same dimensionless distance from the inception point
(Figs 4c and 5c). This is illustrated in Fig. 4(c) at step edge
where the turbulence levels for Configuration A were between 2
and 3 times smaller than those for the smooth step chute flow.
Between step edges, a similar result was observed with higher tur-
bulent levels in Configurations B and S (smooth step) (Fig. 5(c)).
The observation of lower turbulence levels on rough steps is
counter-intuitive, and it might be linked with some lesser momen-
tum exchanges between the cavity recirculations and the main
flow.
Distributions of dimensionless bubble count rates showed
slightly lower bubble count rates in Configurations A and C than
in the smooth step chute flow, all other parameters being identical.
This is seen at step edge in Fig. 4(d) and a similar trend was
observed in between adjacent step edges (Fig. 5d).
The measurements at both step edges and between step edges
showed some similar trends. This consistency suggested that the
step roughness affected the flow characteristics both below and
above the pseudo-bottom formed by the step edges.
5 Discussion
The results highlighted some influence of step roughness on
the air-water flow properties on a stepped chute. Configura-
tions A (rough vertical and horizontal faces) and Configuration C
(rough horizontal face only) exhibited the largest differences with
smooth step chute flow. For a given flow rate and dimensionless
distance from inception point, larger air-water velocities and
lower turbulence levels were observed in rough step chute flows.
In terms of depth averaged flow properties, however, the results
showed lesser differences between all configurations although
the same trends were seen. This is shown in Fig. 6 for one flow
rate, where the depth averaged air content Cmean, dimensionless
maximum bubble count rate Fmax × dc/Vc, and dimension-
less air-water flow velocity V90/Vc are plotted as functions of
the dimensionless distance from the inception point (x−LI)/dc.
(See Appendix for complete data sets.)
The present findings need to be understood because the results
appear to be counterintuitive. In skimming flows over smooth
faced stepped chutes, a shear layer develops at each step edge and
three-dimensional cavity vortices are observed underneath the
mainstream. Flow recirculation is maintained through momen-
tum and the shear stress exchange between the main stream and
cavity flows (Fig. 7). For the rough step chutes, it is hypothesized
that the screens acting as step roughness affected flow separation
at each step edge and shear layer development downstream of
each step. This would induce some form of turbulent drag manip-
ulation, similar to well-documented aerodynamic processes such
as drag reduction on rough spheres for some flow conditions
(e.g. Homsy, 2000). This hypothesis may be supported by the
fact that, in the present study, the largest effects were observed
in configurations with rough screens on the horizontal step faces
(Configurations A and C).
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Figure 6 Longitudinal air-water flow properties for dc/h = 1.4 (a)
Depth-averaged air concentration Cmean (b) Dimensionless maximum
bubble count rate Fmax × dc/Vc (c) Dimensionless air-water velocity at
C = 0.90 : V90/Vc.
Further the presence of rough screens on step horizontal face
induced some uncertainty on the exact location of the pseudo-
bottom formed by the step edges. Indeed both top and bottom
of the screens could be a “reference”. In the present study, the
pseudo-bottom location (y = 0) was always selected at the top
of the screens for Configurations A and C and at the step edges
for Configurations B and S. It is arguable that differences in
pseudo-bottom definitions might yield erroneous comparisons
in terms of relative flow depth y/dc, hence depth-averaged void
fraction Cmean and characteristic depth Y90. However local mea-
surements of air-water velocities, turbulence and bubble count
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Figure 7 Sketch of cavity interactions i skimming flow over rough steps.
rate supported the present findings and showed that the air-water
flow structure differences observed between each configura-
tion were truly caused by the different roughness configurations
(Figs 4b and 5b).
In addition, the rough screens were plastic louvers which
were porous. Some seepage could be seen through the screens,
especially at low flows including at start and stoppage of each
experiment. It is hypothesized that the screen porosity facilitated
some water infiltration through the bottom of the grid allowing
some fluid to drain into the step cavity as sketched in Fig. 7. In
turn, the flow separation and shear layer development at each
step edge would be affected by some form of fluid infiltration
or fluid injection. Wood (1964) and Naudascher and Rockwell
(1994) showed that some fluid injection behind a bluff body is
associated with some drag reduction. In the same manner, the
porous screen effect may affect the skimming flow cavity recir-
culation patterns and in turn the turbulent dissipation process.
This would enhance the flow velocities in the recirculation cav-
ity and within the main stream, as observed in Configurations A
and C (roughness in the horizontal step face).
6 Summary and conclusions
In skimmings flow over a stepped chute, the flow pattern is
associated with strong recirculation and large vortical structures
in the step cavities. The effects of step roughness on the cavity
recirculation and on the air-water flow properties were investi-
gated systematically. The study was conducted in a large-size
facility (h = 0.10 m, l = 0.25 m, W = 1 m). Four configu-
rations were thoroughly tested with identical flow conditions: a
smooth stepped chute and three configurations with rough step
face. These were achieved by placing rough screens (8 mm high)
on the step faces: on the vertical faces (Configuration B), on the
horizontal step faces (Configuration C) and on both vertical and
horizontal faces (Configuration A).
The results showed no effect of step roughness on the flow
regimes, with nappe flow at low discharges, transition flow for
intermediate flow rates and skimming flow for large discharges.
The flow conditions at the change from one flow regime to another
were identical for all four geometries. In skimming flows, visual
observations showed that cavity recirculation was affected by
the step roughness. The recirculation zones (i.e. y < 0) were
typically more aerated on smooth stepped chute than on rough
steps. Some seepage was also seen through the rough screens.
This is believed to have some impact on the flow separation
and on the developing shear layers downstream of each step
edge.
At a macroscopic level, the effects of step roughness were
two-fold. The location of the inception point of free-surface aer-
ation was located further downstream than for a smooth stepped
chute for an identical flow rate. In turn the residual energy at the
downstream end of the chute was greater on the rough stepped
chute. Although this finding contradicts an “intuitive” percep-
tion, it derives from the downstream position of the inception
point of air entrainment and a lesser rate of energy dissipation in
the upstream clear-water flow region on the rough stepped chute.
At a microscopic level, the experimental results showed con-
sistently several trends. The void fraction distribution results at
step edges were very close for all stepped configurations. The
greatest effects were on the turbulent velocities. On rough step
chutes, the velocities were larger than those of smooth chute
flows for a given flow rate and dimensionless location from the
inception point of free-surface aeration. This was associated with
lower turbulence intensities in rough stepped channel flows par-
ticularly for 0.2 ≤ y/Y90 ≤ 0.8. Similar trends were observed
both at step edges and above step cavities in between step edges.
Practical applications of the results include the design of
gabion stepped chutes and unprotected roller compacted con-
crete chutes, and the hydraulics of damaged concrete steps on
older structures. On a rough stepped chute, the rate of energy
dissipation may be lower than on a smooth stepped spillway. For
example, higher residual energy will be observed downstream of
a damaged concrete stepped chute. Simply the design guidelines
for smooth (concrete) stepped spillway are not suitable to rough
stepped chutes including gabion stepped weirs, and they would
underestimate the flow velocities on the chute and the residual
kinetic energy at the downstream end.
It is acknowledged that the present study was limited to one
chute slope (21.8◦) and one type of roughness (8 mm high rough
screens). Further investigations must be performed with different
chute slopes and step roughness to ascertain the findings to other
spillway geometries.
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Appendix A: Characteristic depth-averaged air-water flow properties
Step edge Cmean Y90/dc V90/Vc d(m) Uw/Vc Fmax × dc/Vc Cmean Y90/dc V90/Vc d(m) Uw/Vc Fmax × dc/Vc
dc/h = 1.1
No roughness Configuration A
6 0.46 0.70 3.11 0.039 2.55 18.45
7 0.45 0.64 3.10 0.036 2.87 24.55 0.47 0.53 3.06 0.031 3.67 21.08
8 0.39 0.61 3.16 0.038 2.99 29.81 0.34 0.49 3.17 0.035 3.25 26.09
9 0.38 0.61 3.16 0.039 2.86 29.46 0.36 0.48 3.23 0.034 3.34 27.68
10 0.41 0.54 3.41 0.033 3.47 34.49 0.41 0.52 3.24 0.033 3.42 29.57
Configuration B Configuration C
7 0.47 0.56 2.88 0.033 3.47 24.87 0.48 0.55 3.00 0.031 3.67 21.92
8 0.40 0.53 3.13 0.035 3.29 29.15 0.35 0.46 3.17 0.033 3.47 25.68
9 0.43 0.56 3.11 0.035 3.27 30.41 0.35 0.48 3.22 0.034 3.33 28.31
10 0.42 0.52 3.11 0.033 3.42 32.44 0.42 0.47 3.24 0.030 3.80 30.61
dc/h = 1.25
No roughness Configuration A
7 0.35 0.55 3.21 0.042 2.76 17.91
8 0.42 0.68 3.23 0.047 2.66 19.56 0.29 0.47 3.18 0.042 3.67 21.24
9 0.34 0.61 3.32 0.048 2.77 25.50 0.34 0.47 3.14 0.039 3.92 24.59
10 0.41 0.56 2.98 0.039 2.43 31.04 0.39 0.49 3.18 0.038 4.08 27.60
Configuration B Configuration C
8 0.37 0.50 3.15 0.040 3.87 26.31 0.30 0.43 3.11 0.038 4.06 22.52
9 0.41 0.57 3.11 0.042 3.64 27.52 0.33 0.48 3.18 0.040 3.84 24.54
10 0.41 0.53 3.13 0.039 3.89 29.43 0.39 0.47 3.25 0.036 4.27 26.94
Configuration S
9 0.40 0.55 3.11 0.041 3.70 29.95
10 0.34 0.50 3.18 0.041 3.72 32.46
dc/h = 1.39
No roughness Configuration A
7 0.20 0.50 3.01 0.05 2.62 12.00
8 0.38 0.68 3.02 0.06 2.54 15.70
9 0.36 0.58 3.16 0.05 2.84 26.02 0.33 0.47 3.23 0.039 3.20 19.54
10 0.33 0.55 3.29 0.05 2.84 29.96 0.34 0.49 3.24 0.038 3.14 20.38
Configuration B Configuration C
8 0.28 0.45 3.16 0.046 3.05 20.58 0.23 0.41 3.10 0.054 3.14 14.47
9 0.41 0.59 3.04 0.049 2.83 23.35 0.30 0.47 3.24 0.056 3.04 20.03
10 0.39 0.53 3.11 0.046 3.05 28.50 0.36 0.46 3.26 0.050 3.40 23.74
Configuration S (No roughness)
9 0.39 0.58 3.08 0.049 2.83 24.55
10 0.33 0.51 3.24 0.048 2.89 29.46
dc/h = 1.5
No roughness Configuration A
8 0.29 0.54 2.99 0.056 2.67 14.77
9 0.32 0.60 3.17 0.061 2.56 16.82
10 0.33 0.58 3.21 0.057 2.68 26.41 0.30 0.48 3.21 0.050 2.99 18.41
Configuration B Configuration C
9 0.38 0.59 2.74 0.055 3.04 18.40 0.24 0.45 3.21 0.051 2.92 15.32
10 0.34 0.51 2.94 0.051 3.11 24.16 0.30 0.46 3.36 0.048 3.13 19.29
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Notation
C = Air concentration (void fraction) defined as the
volume of air per unit volume
Cmean = Depth averaged air concentration defined as:
(1 − Cmean) × Y90 = d
Do = Dimensionless diffusion coefficient
DH = Hydraulic diameter (m)
d = Characteristic depth (m) defined as:
d = ∫ Y900 (1 − C) × dy
dab = Air bubble size (m)
dc = Critical flow depth (m), for a rectangular channel:
dc = 3
√
q2w/g
d50 = Median grain size (m)
F = Bubble count rate (Hz): i.e., number of bubbles
impacting a probe per second
Fmax = Maximum bubble count rate (Hz) in a cross-section
F ∗ = Froude number defined in terms of the roughness
height: F ∗ = qw/
√
g × sin θ × k3s
f = Darcy–Weisbach friction factor
fscreen = Darcy–Weisbach friction factor of rough
screens
g = Gravity constant (m/s2): g = 9.80 m/s2 in Brisbane,
Australia
H = Total head (m)
h = Height of steps (m) (measured vertically)
K′ = Dimensionless integration constant
k = Rough screen height (m), herein k = 8 mm
ks = Step dimension (m) measured normal to the flow
direction: ks = h × cos θ
k′s = Equivalent sand roughness height (m) of the step
surface: i.e., surface (skin) roughness height
L = Spillway chute length (m)
Lcav = Cavity length (m): Lcav =
√
h2 + l2
LI = Distance (m) from the start of growth of boundary
layer to the inception point of air entrainment
Lr = Ratio of prototype to model dimensions
l = Horizontal length of steps (m)
q = Discharge per unit width (m2/s)
qw = Water discharge per unit width (m2/s)
Re = Reynolds number defined in terms of the
depth-averaged flow velocity and hydraulic
diameter: Re = ρw × Uw × DH/µw
Sf = Friction slope: Sf = −∂H/∂x
Uw = Equivalent clear-water flow velocity (m/s):
Uw = qw/d = qw/
∫ Y90
0 (1 − C) × dy
u′ = Root mean square of longitudinal component of
turbulent velocity (m/s)
V = Velocity (m/s)
Vc = Critical flow velocity (m/s), for a rectangular
channel: Vc = 3√g × qw
V90 = Characteristic velocity (m/s) where the air
concentration is 90%
W = Channel width (m)
XO = Dimensionless distance from the upstream step
edge: XO = x′/Lcav
x = Longitudinal/streamwise distance (m)
x′ = Streamwise distance (m) from the upstream step
edge
Y90 = Characteristic depth (m) where the air concentration
is 90%
y = Distance (m) from the pseudo-bottom (formed by
the step edges) measured perpendicular to the flow
direction
µ = Dynamic viscosity (N s/m2)
θ = Angle between the pseudo-bottom formed by the
step edges and the horizontal
ρ = Density (kg/m3)
σ = Surface tension between air and water (N/m)
Subscript
I = Inception point of free-surface aeration
screen = Rough screen property
w = Water flow
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